ABSTRACT: An experiment was conducted to evaluate the interactive effects of dietary distillers dried grains with solubles (DDGS) in sow diets and housing systems on reproductive performance and longevity. Sows (311 for parity 0 and 90 for parity 1) were assigned randomly within parity to 1 of 4 treatments and maintained on these treatments for up to 3 reproductive cycles. Sows were fed either fortified corn-soybean meal control diets (CON) during gestation and lactation or diets containing 40% DDGS in gestation and 20% DDGS in lactation and were housed either in individual stalls or group pens with electronic sow feeders during gestation. Sows fed DDGS had smaller (P < 0.05) litter size (born alive, 11.0 vs. 11.6; weaning, 9.8 vs. 10.2) and had more (P < 0.05) stillborns (0.9 vs. 0.7) than sows fed CON. Litters nursing sows fed DDGS gained less weight (P < 0.01) than litters nursing sows fed CON (47.8 vs. 49.8 kg, respectively). Group-housed sows tended to farrow smaller litters (born alive, 11.0 vs. 11.5; P < 0.10) and had fewer pigs at weaning (9.9 vs. 10.2; P < 0.05) compared with stall-housed sows. Litters from group-housed sows tended (P < 0.10) to gain less weight while suckling than those from stall-housed sows (48.3 vs. 49.4 kg, respectively). Diet did not affect the percentage of sows that completed each successive reproductive cycle. Stall housing tended to increase (P = 0.06) the completion rate of sows at the second reproductive cycle (80.0 vs. 68.2%) and increased (P < 0.05) the completion rate of sows in the third reproductive cycle (68.9 vs. 55.8%) compared with group housing. Sows fed DDGS produced fewer (P < 0.05) live-born pigs (26.2 vs. 27.4) and tended (P < 0.10) to have fewer pigs weaned (23.7 vs. 24.5) over 3 reproductive cycles compared with sows fed CON. Stall-housed sows farrowed more (P < 0.05) total pigs (30.1 vs. 26.7) and live pigs (28.4 vs. 25.2) and had more weaned pigs (25.2 vs. 23.1) compared with group-housed sows over 3 reproductive cycles. In conclusion, long-term feeding of DDGS decreased litter size and sow productivity but did not affect sow longevity. Long-term housing of sows in group pens decreased litter size, sow longevity, and sow productivity. The detrimental effects of housing pregnant sows in pens were most notable when sows were fed corn-soybean mealbased diets compared with DDGS diets.
INTRODUCTION
Use of dietary distillers dried grains with solubles (DDGS) in diets for growing-finishing pigs has been the focus of much research recently, with little attention given to DDGS use in diets for sows. In fact, sows are ideal candidates for feeding diets containing DDGS because of its moderately high fiber content. Song et al. (2010) found that lactation performance was not different for sows fed diets containing up to 30% DDGS compared to those fed a corn-soybean meal control diet. However, long-term effects of feeding DDGS-containing diets on reproductive performance of sows have not been evaluated. Wilson et al. (2003) reported litter size was increased when sows consumed gestation diets containing 50% DDGS. This work indicated that there may be benefits in reproductive performance when feeding DDGS-containing diets to sows. However, a more comprehensive, longer-term study is needed to verify this initial finding.
Housing systems for pregnant sows have become an important issue for pork producers throughout the United States (CAST, 2009 ). Many people perceive that individual stalls compromise sow welfare because of restricted space allowance, lack of exercise, and reduced socialization with other sows (Rhodes et al., 2005) . These concerns have been highlighted by activists who argue that individual stalls do not provide for adequate sow wellbeing (CAST, 2009) . Anil et al. (2005 Anil et al. ( , 2006 reported similar reproductive performance and longevity when sows are housed in individual stalls or group pens with electronic sow feeders during gestation. In these studies, sows were fed similar diets during gestation. Potentially, the sows' response to diet may differ between individual stalls and group housing systems and influence both sow performance and longevity. Therefore, the objective of this study was to determine the interactive effects of feeding DDGS-containing diets and housing system on sow performance and longevity over 3 reproductive cycles.
MATERIALS AND METHODS
The experimental protocol used in this study was reviewed and approved by the Institutional Animal Care and Use Committee at the University of Minnesota.
Animals and Management
This experiment was conducted at the University of Minnesota's Southern Research and Outreach Center Swine Research Unit (Waseca, MN). The experiment began on May 15, 2009, and was completed on August 1, 2011. Four hundred one (311 for parity 0 and 90 for parity 1) sows (English Belle; GAP Genetics, Winnipeg, Manitoba, Canada) with an initial BW of 163 ± 22 kg were used and artificially inseminated twice during each estrus period using terminal sire Duroc boar semen (Compart Boar Store, Nicollet, MN). Sows were assessed for incidence of lameness at breeding according to procedures described by Bonde et al. (2004) . Females with lameness scores of 1 (no signs of lameness) and 2 (stepping frequently while standing) at breeding were deemed sound and assigned to the experiment. Feeding levels were adjusted to accommodate required changes in body condition with a BCS of 3 (scale: 1 = emaciated and 5 = overly fat) as a goal at farrowing. On d 109 of gestation, sows were moved into environmentally controlled farrowing rooms and placed in individual farrowing stalls (2.13 m long by 0.97 m high by 0.66 m wide). Sows were fed 2.25 kg of their assigned lactation diets starting on d 109 of gestation until farrowing. After parturition, the amount of feed offered to each sow was increased gradually to allow for ad libitum access to their assigned lactation diets from d 5 until weaning at about d 19 of lactation. At weaning, sows were moved to an environmentally controlled breeding barn and checked daily for signs of estrus using a mature boar until estrus was detected or d 21 postweaning, whichever occurred earlier. From weaning to breeding, sows were fed 2.25 kg of their assigned gestation diets. Sows were allowed free access to water throughout the experiment and remained in the study throughout gestation and lactation for up to 3 reproductive cycles. Within each reproductive cycle, sows were culled only if they failed to conceive after the second postweaning service, were anestrous longer than 21 d postweaning, or had lameness scores of 3 (attempting to relieve limbs) or 4 (reluctant to bear weight on limbs).
Within 24 h of birth, piglets were cross-fostered within the dietary treatment and housing system to equalize litter sizes across treatments as much as possible. Piglet processing procedures included iron shots, docking of tails, and disinfecting of navels within 24 h after birth according to standard piglet management procedures of the swine unit. Surgical castrations were completed when all male piglets were between 5 and 9 d of age. Piglets were provided supplemental heat with a heat lamp for 48 h after birth and had access to floor heat pads until weaning. Piglets did not receive creep feed.
Dietary Treatment and Housing System
At breeding, sows were assigned randomly within parity (parity 0 or 1) to 1 of 4 experimental treatments in a 2 × 2 factorial arrangement. Dietary treatments included control (CON) gestation and lactation diets composed of corn and soybean meal fortified with vitamins and minerals or similar diets containing 40% DDGS in gestation and 20% DDGS in lactation (Table 1) . Distillers dried grains with solubles were obtained from a single dry-grind ethanol plant (Absolute Energy, L.L.C., Lyle, MN) and used throughout the study. Diets were formulated on a standardized ileal digestible (SID) AA basis with the ME to SID Lys ratio approximately equal across experimental diets within reproductive phase. Except for DDGS, amounts of SID AA were calculated according to SID coefficients from NRC (1998) and total analyzed AA values for all ingredients. Average SID coefficients and total analyzed AA values for 14 DDGS sources were used to estimate SID AA content for the DDGS source used in the experiment (Urriola et al., 2009) . Ratios of Ca to available P were also similar among experimental diets within reproductive phase. Nutrient requirements of gestating sows were based on females producing 12 total piglets per litter and gaining 30 kg maternal BW in parity 1 and 15 to 20 kg maternal BW in parities 2 and 3 as described by NRC (1998) . Diets for lactating sows met or exceeded NRC (1998) nutrient recommendations for females with average prefarrowing BW of 217 kg, expected litter size of 10, and expected piglet ADG of 259 g. Sows remained in their gestation housing system until d 109 of gestation. The group housing system was partitioned into 4 pens and sows were managed in dynamic groups. About 25 sows were transferred to farrowing rooms on d 109 of gestation, and another 25 sows about 1 wk after mating were added to each pen. Within a pen, sows were mixed at introduction to the pen and were exposed to mixing again 8 wk later when new sows were introduced. Every sow was exposed to 2 mixing events during gestation. Each fully slatted pen (15.2 by 7.6 m) was equipped with 6 nipple waterers and an electronic sow feeder (Osborne Industries, Osborne, KS) containing 2 hoppers: 1 for the control and the other for the DDGS-containing diet. Excluding the space occupied by the electronic feeder, about 50 sows were housed in each pen with a floor space allowance of 2.2 m 2 per sow. Individual stalls (2.1 by 0.6 m; Crystal Spring Hog Equipment, Ste. Agathe, MB, Canada) were located on a fully slatted concrete floor and equipped with an individual feeder and a nipple waterer. Sows housed in group pens had continuous access to their electronic sow feeder. Sows in individual stalls were fed once daily at 0630 h.
Data Collection
Two randomly selected lots of DDGS were sampled and tested for vomitoxin and zearalenone contamination at a commercial laboratory (Minnesota Valley Testing Laboratories, New Ulm, MN). Concentrations of DM (method 934.01), CP (method 984.13), crude fat (method 920.39), Ca (method 958.01), P (method 958.01), ADF (method 973.18), and AA (method 982.30) for soybean meal and DDGS were analyzed at the Experiment Station Chemical Laboratories (Univ. of Missouri, Columbia, MO) using the AOAC International (2006) methods. These analyzed nutrient values were used to formulate experimental diets. Nutrient concentrations for other feed ingredients were based on NRC (1998). A sample of each batch of experimental diets was collected and frozen at -80°C for subsequent nutrient analyses. A random selection of diet samples within each reproductive cycle and phase were submitted to a commercial laboratory (Minnesota Valley Testing Laboratories, New Ulm, MN) for analyses of DM, CP, crude fat, Ca, P, and ADF using standard methods mentioned before (AOAC International, 2006) . Sow BW was recorded and backfat depth was determined ultrasonically at the last rib at about 8 cm right and left of the midline (Lean-Meater; Renco Corp., Minneapolis, MN) at breeding, on d 109 of gestation, within 24 h after farrowing, and at weaning to assess body condition and BW changes during gestation and lactation. In lactation, parity of sows, farrowing date, litter size (number of total piglets born, born alive, after cross-fostering, and at weaning), and preweaning piglet deaths were recorded. Preweaning mortality rate of piglets within litter was calculated as the number of live-born piglets that died before weaning divided by the number of piglets born alive. Litter weight was recorded at birth, after crossfostering, and at weaning. Litter weight gain and piglet ADG from cross-fostering until weaning was calculated and used as an indirect measure of sow milk production. Feed was weighed and provided to sows twice daily in amounts that avoided accumulation of uneaten feed in the feeder. Orts were collected and weighed at weaning to allow calculation of ADFI throughout lactation. Date (Urriola et al., 2009). of postweaning estrus was recorded and wean-to-estrus intervals were calculated for all sows after their first and second lactations of the experiment.
Treatments and reasons for sick sows as well as death and cause of death for any sow were recorded. A postmortem examination was performed by the attending veterinarian if any sow died without obvious reasons. Culling date and reason were recorded for sows culled before the end of the experiment. To estimate 3-parity productivity of the sows assigned to the experiment, total number of piglets born, born alive, and weaned were summed for each sow and compared among treatments.
Statistical Analyses
For all data analyses, SAS (SAS Inst. Inc., Cary, NC) was used. Mean separation was achieved using the PDIFF option and the Tukey-Kramer adjustment for multiple means comparisons. Individual sow served as the experimental unit in all analyses. Covariates were used to adjust response means and are presented as a footnote for each table where appropriate. The pooled SE was the average of multiple SE values reported for a given trait. All reported means are least squares means. Treatment differences with P-values < 0.05 were considered significant and Pvalues between 0.05 and 0.10 were considered a trend.
Data collected for sow and litter performance were analyzed as a 3 × 2 × 2 factorial arrangement with repeated measurements in time and analyzed statistically using PROC GLIMMIX with ILINK function. The P-values for 3-way interactions (reproductive cycle × dietary treatment × housing system) were greater than 0.10 for all variables of interest; therefore, the 3-way interaction term was removed from subsequent statistical models. Fixed effects in the statistical model included 3 reproductive cycles, 2 dietary treatments, 2 housing systems, and all 2-way interactions (reproductive cycle × dietary treatment, reproductive cycle × housing system, and dietary treatment × housing system). Initial parity (parity 0 or 1) and initial parity × reproductive cycle were included in the model to account for these sources of variation. Farrowing group was included in the model as a random effect to account for seasonal differences that occurred over the course of the experiment.
Sow longevity data were analyzed using PROC PHREG of SAS. Days were calculated from the time sows were culled, died, or completed each reproductive cycle to the time of initial breeding. The dietary treatment × housing system interaction was not statistically significant (P > 0.10) for the percentage of sows that completed each successive reproductive cycle; therefore, it was removed from the statistical model. Fixed effects in the statistical model were dietary treatment and housing system. The initial parity at breeding was included in the model as a random effect.
Number of sows in each category of culling reasons throughout the study was analyzed using a chi square (χ 2 ) test of independence for diet and housing effects. Total number of piglets born and born alive for each sow over her entire period in the study was calculated as another indicator of sow lifetime productivity and was analyzed using a Poisson regression in PROC GLIMMIX of SAS. The statistical model included dietary treatment, housing system, and their interaction as fixed effects. The number of litters produced in each treatment was used as a covariate to adjust sow lifetime productivity.
RESULTS
Two randomly selected lots of DDGS were screened for vomitoxin and zearalenone concentrations. Concentrations of 0.66 mg/kg and < 0.2 mg/kg were detected for vomitoxin and zearalenone, respectively, in the first lot. The second lot contained < 0.5 mg/kg and < 0.2 mg/kg of vomitoxin and zearalenone, respectively. Both vomitoxin and zearalenone in the DDGS used in this experiment were below levels generally recognized as safe for swine diets (Thaler and Reese, 2010) .
Sow and Litter Performance
Reproductive cycle did have important effects on most response criteria evaluated in this experiment. However, these responses generally were consistent with expected changes in performance with increasing age of sows and will not be discussed further. Generally, few interactive effects of diet and reproductive cycle were observed, and diet and housing system did not interact to influence most response criteria (Tables 2, 3 , 4, and 5), except for litter weight measurements and the number of pigs produced over 3 reproductive cycles.
Dietary Effects. An interactive effect between reproductive cycle and diet (P < 0.05) was observed for sow BW at breeding. Dietary treatment influenced sow BW at breeding and this difference was present on d 109 of gestation (Tables  2 and 3 ). Sows fed DDGS had lower BW at breeding (175 vs. 180 kg) and d 109 of gestation (219 vs. 224 kg; P < 0.05) than those fed CON diets. However, diet did not affect BW gain during gestation (DDGS, 47.8 kg vs. CON, 49.1 kg). Feeding DDGS decreased (P < 0.01) sow BW at farrowing (205 vs. 210 kg) and weaning (202 vs. 208 kg) compared with feeding CON. However, feeding DDGS to sows had no effect on BW changes during lactation. Sow BW at the start of the experiment was similar between dietary treatments, but feeding DDGS decreased sow BW at breeding in the second and third reproductive cycles compared with feeding CON. No interactions existed between reproductive cycle and diet for sow BW on d 109 of gestation or within 24 h after farrowing or weight gain during gestation.
Feeding DDGS decreased (P < 0.01) sow backfat depth at breeding (14.8 vs. 15.8 mm) and tended to decrease (P = 0.08) d 109 of gestation (17.0 vs. 17.6 mm) compared with CON, but diet had no effect on change in backfat depth during gestation. At farrowing and weaning, sows fed DDGS also had less backfat depth (P < 0.01) than those fed CON (within 24 h after farrowing, 16.3 vs. 17.2 mm; weaning, 13.8 vs. 15.0 mm). However, diet did not influence change in backfat depth during lactation. We observed a tendency (P = 0.06) for reproductive cycle and diet to have interactive effects on sow backfat depth at breeding. Sows fed DDGS had similar backfat depth at the beginning of the first reproductive cycle but had less backfat depth compared with sows fed CON at breeding in the second and third reproductive cycles. No interactions between reproductive cycle and diet were observed for backfat depth measured at any other time during the experiment.
Average daily feed intake of lactating sows was not different between sows fed DDGS and CON diets, and this observation was consistent across all 3 reproductive cycles. Likewise, postweaning interval to estrus was similar between sows fed DDGS and those fed CON diets.
The total number of piglets born per litter was not different between dietary treatments (Tables 4 and 5 ).
However, sows fed DDGS farrowed fewer (P < 0.05) live-born piglets (11.0 vs. 11.6) and tended (P = 0.07) to farrow more piglets born dead per litter (0.9 vs. 0.7) than those fed CON. Feeding DDGS decreased litter size after cross-fostering (10.2 vs. 10.6) and at weaning (9.8 vs. 10.2) compared with feeding CON. Effects of dietary treatment on litter size at farrowing were consistent across reproductive cycles because no interactions between diet and reproductive cycle were observed. However, feeding diets containing DDGS reduced (P < 0.05) the number of piglets per litter after cross-fostering and at weaning in the first reproductive cycle, with no differences in the second and third reproductive cycles (cycle × diet, P < 0.01).
Litter weight at birth and after cross-fostering was not affected by diet. However, sows fed DDGS had lower (P < 0.05) litter weight at weaning than those fed CON (65.2 vs. 67.8 kg). Litters nursing sows fed DDGS gained less weight than litters nursing sows fed CON (47.8 vs. 49.8 kg). There were no interactive effects of reproductive cycle and diet on litter weight at birth or weaning or on litter weight gain.
Average daily gain and preweaning mortality of piglets were not different for sows fed DDGS and CON. 2 Diet included control (corn-soybean meal diets) and DDGS diets (diets containing 40% DDGS in gestation and 20% DDGS in lactation).
3 Housing included individual stall or group pen with an electronic sow feeder during gestation.
4 Sow BW at first breeding was used as a covariate in the statistical model for second and third reproductive cycles.
5 Sow BW at first breeding was used as a covariate in the statistical model. 6 Gestation length was used as a covariate in the statistical model.
7 Lactation length was used as a covariate in the statistical model. 8 Backfat depth of sows at breeding in the first reproductive cycle was used as a covariate in the statistical model for second and third reproductive cycles.
9 Backfat depth of sows at breeding in the first reproductive cycle was used as a covariate in the statistical model.
10 Data were collected from the first and second reproductive cycles.
However, ADG of piglets from sows fed DDGS diets was 5 g higher in the first reproductive cycle and 6 g lower in second reproductive cycle but was not different in the third reproductive cycle compared with those from sows fed CON (cycle × diet, P = 0.04). Preweaning mortality of piglets was consistent across all 3 reproductive cycles. Diet and housing system interacted (P = 0.03) to influence litter weight at weaning and litter weight gain. Litters from sows fed DDGS and housed in group pens were lighter at weaning and gained less weight during lactation than litters from sows fed DDGS and housed in individual stalls. This difference between gestation housing systems was not apparent for litters nursing sows fed CON.
Housing Effects. Housing system affected sow BW during gestation and lactation (Tables 2 and 3) . By random chance, sows assigned to pens were lighter than sows assigned to stalls (162 vs. 178 kg) at the first breeding. Consequently, sow BW at the first breeding was used as a covariate in analysis of subsequent BW data. Group-housed sows were slightly heavier (P = 0.02) at d 109 of gestation (224 vs. 220 kg) than sows in individual stalls over 3 reproductive cycles. However, there were no differences in gain of BW during gestation for sows housed in pens compared with stalls (48.4 vs. 48.4 kg). Housing sows in group pens increased (P < 0.01) BW within 24 h after farrowing (210 vs. 205 kg) compared with housing sows in stalls, and this difference continued to be present at weaning (208 vs. 202 kg; P < 0.01). Sows housed in group pens tended (P = 0.06) to lose less BW in lactation than those housed in stalls (-1.6 vs. -3.6 kg). Sows assigned to pens had less backfat depth at first breeding than sows assigned to stalls (15.4 vs. 18.8 mm; Table 3 ). Therefore, backfat depth of sows at first breeding was used as a covariate in analysis of all subsequent backfat data. After adjusting for differences in initial backfat depth, sows housed in group pens had increased (P < 0.01) backfat depth at 109 of gestation (18.5 vs. 16.0 mm), at farrowing (17.8 vs. 15.7 mm), and at weaning (15.1 vs. 13.7 mm) compared with housing sows in stalls.
Interactive effects between reproductive cycle and housing system (P < 0.05) existed for sow BW and backfat depth. Sows housed in stalls had more BW and backfat depth than sows housed in group pens at the beginning 2 Diets containing 40% DDGS in gestation and 20% DDGS in lactation.
3 Stall: sows housed in individual stalls during gestation.
4 Pen: sows housed in group pens with an electronic sow feeder during gestation.
5 Sow BW at first breeding was used as a covariate in the statistical model for second and third reproductive cycles.
6 Sow BW at first breeding was used as a covariate in the statistical model. 7 Gestation length was used as a covariate in the statistical model. 8 Lactation length was used as a covariate in the statistical model. 9 Backfat depth of sows at breeding in the first reproductive cycle was used as a covariate in the statistical model for second and third reproductive cycles.
10 Backfat depth of sows at breeding in the first reproductive cycle was used as a covariate in the statistical model. of this experiment. However, when sow BW and backfat depth were adjusted for these differences, sows housed in pens generally were heavier and had more backfat depth than sows housed in stalls. The interaction between reproductive cycle and housing system for sow BW occurred because BW of pen-housed sows measured at any stage of the reproductive cycle increased with each successive cycle. However, BW of stall-housed sows declined slightly (d 109 of gestation), remained constant (at farrowing), or increased modestly (at weaning) with each successive cycle. Regardless of when during the reproductive cycle backfat depth was recorded, it declined with successive reproductive cycles. The interaction between reproductive cycle and housing system for backfat depth occurred because the rate of decline for stall-housed sows was greater than for penhoused sows in successive reproductive cycles. 2 Diets containing 40% DDGS in gestation and 20% DDGS in lactation.
5 Lactation length was used as a covariate in the statistical model.
Sows housed in stalls consumed 0.3 kg less feed each day of lactation in the first reproductive cycle compared with those housed in group pens. Housing system did not affect ADFI during lactation in the second reproductive cycle, but stall-housed sows in the third reproductive cycle consumed 0.3 kg more feed each day compared with group-housed sows. These differences in lactation feed intake between stall-housed and group-housed sows across reproductive cycles resulted in an interaction (P = 0.02) between housing treatment and reproductive cycle. Wean-to-estrus intervals were consistent throughout the study and were unaffected by housing system. Group-housed sows farrowed similar total number of pigs per litter compared with stall-housed sows but tended to produce fewer live pigs (11.0 vs. 11.5; P = 0.07) compared with stall-housed sows (Tables 4 and 5 ). Housing sows in group pens decreased (P < 0.01) numbers of piglets after cross-fostering (10.2 vs. 10.6) and at weaning (9.9 vs. 10.2) compared with housing sows in stalls. No interactive effects of reproductive cycle and housing system were observed for litter size.
Housing system did not affect litter weight at birth, after cross-fostering, or at weaning. However, litters from sows housed in group pens tended (P = 0.09) to gain less weight than those from sows housed in stalls (48.3 vs. 49.4 kg). Effects of housing system on litter weight and weight gain were consistent across reproductive cycles because there were no interactions between reproductive cycle and housing system. Average daily gain and preweaning mortality of piglets were not different between housing systems and were consistent across reproductive cycles.
Sow Longevity
The proportion of sows that completed each successive reproductive cycle was not influenced by diet (Table 6) . A greater proportion of sows housed in stalls tended (P = 0.06) to complete 2 reproductive cycles (80.0 vs. 68.2%) compared with sows housed in pens. The proportion of sows that completed 3 reproductive cycles was greater (P = 0.05) for stall-housed sows than group-housed sows (68.9 vs. 55.8%).
The reasons for culling sows were different (P < 0.05) across diets and housing systems ( Table 7) . The sows fed CON diets in group pens had the greatest culling rate because of failure to conceive. In comparison to sows fed CON, a greater number of sows fed DDGS were culled because they were anestrous longer than 21 d postweaning period (52 vs. 41). However, feeding DDGS decreased the number of sows culled because they failed to conceive after the second postweaning service compared with feeding CON (16 vs. 21). Compared with individual stalls, group housing resulted in more sows (51 vs. 42) that were anestrous longer than 21 d postweaning, more sows that failed to conceive (24 vs. 13) after the second postweaning service, and a greater incidence of culling due to lameness (11 vs. 5).
Effects of diet on total piglets produced over the entire study differed depending on the housing system (diet × housing, P < 0.03; Table 8 ). For sows fed CON, piglets born, born alive, and weaned over 3 reproductive cycles decreased if sows were housed in group pens during gestation compared to sows housed in stalls. However, when sows were fed diets containing DDGS, piglets born, born alive, and weaned were not different 2 Diets containing 40% DDGS in gestation and 20% in lactation.
3 Initial breeding parity (311 for parity 0 and 90 for parity 1) was used as a covariate in the statistical model.
4 Stall: sows housed in individual stalls during gestation.
5 Pen: sows housed in group pens with an electronic sow feeder during gestation.
6 Cumulative values. 4 Pen: sows housed in group pens with an electronic sow feeder during gestation.
5 Cumulative values for 3 reproductive cycles.
6 Reasons for culling sows were different (P < 0.05) for Control vs. DDGS diets (χ 2 = 2.108) and Stall vs. Pen (χ 2 = 5.053).
between the 2 housing systems. Feeding DDGS to sows decreased number of piglets born alive (26.2 vs. 27.4) and tended to decrease number of pigs weaned (23.7 vs. 24.5) over 3 reproductive cycles compared with feeding CON. Sows housed in stalls farrowed more total piglets (30.1 vs. 26.7) and live piglets (28.4 vs. 25.2) and weaned more piglets (25.2 vs. 23.1) compared with sows housed in group pens over 3 reproductive cycles.
DISCUSSION
A primary objective of this experiment was to determine the interactive effects of diet and gestation housing system. No interactions between dietary treatments and gestation housing system were observed for sow BW and backfat depth, ADFI during lactation, wean-toestrus interval, or litter size in each successive reproductive cycle. However, litter weight was affected by dietary treatments and housing system in an interactive manner. Considered collectively, these results indicate that sows' responses to dietary DDGS are not influenced by the housing system used during gestation.
In this study, we did not find any difference in gestation BW gain between dietary treatments. However, after weaning their first litter, sows fed DDGS were 4 kg lighter than sows fed CON diets. This difference increased to 8 kg at weaning in the second reproductive cycle. By the third reproductive cycle, this difference seemed to stabilize because the difference in sow BW was 7 kg. These observations might indicate that younger sows were less able to extract energy and nutrients from the DDGS-containing diets compared with older sows (Renteria-Flores et al., 2008) . Subsequently, as sows aged, their digestive capabilities increased, which enabled the difference in BW between sows fed CON and DDGS diets to be maintained rather than continue to increase. Additionally, gestation gains in BW were similar between sows fed DDGS and CON diets in the second and third reproductive cycles. Renteria-Flores et al. (2008) previously documented greater nutrient digestibility of high-fiber diets in old sows compared with young sows. In contrast to the current study, Wilson et al. (2003) fed sows diets containing similar concentrations of DDGS in gestation (50% DDGS) and lactation (20% DDGS) for 2 reproductive cycles and reported similar gestation weight gains between sows fed DDGS compared to those fed a corn-soybean meal diet. Furthermore, Song et al. (2010) and Greiner et al. (2008) reported that sows fed DDGS during lactation had similar BW change compared with those fed corn-soybean meal diets.
We theorized that long-term dietary inclusion of DDGS, due to its high-fiber content, would increase live born litter size based on the previous findings of Wilson et al. (2003) . However, although the total number of piglets born per litter was not affected by feeding DDGS diets in this experiment, the number of live-born pigs was reduced due to a greater stillbirth rate, which translated into decreased litter size at weaning in sows fed DDGS. Therefore, our results are contrary to those reported by Wilson et al. (2003) who found that sows fed DDGS in gestation had a marginally increased number of piglets born alive per litter for the second but not the first parity. Wilson et al. (2003) used about 25 or less sows per dietary treatment when observing an increase in litter size because of DDGS feeding. The current study was designed to determine if our previous results (Wilson et al., 2003) could be replicated with a substantially larger number of observations. We observed over 200 litters per diet in this experiment and could not replicate the DDGS-induced increase in litter size reported by Wilson et al. (2003) .
The reduced number of piglets born alive and the increased number of piglets born dead per litter resulting from feeding DDGS in this study indicates that DDGS may negatively affect fetal survival during late gestation or parturition. A definitive explanation for this increase in stillborn pigs as a result of feeding diets containing DDGS is not clear. However, Li et al. (2013a) reported that number of dead pigs farrowed per litter tended to increase when sows consumed DDGS containing moderately or highly peroxidized corn oil. Feeding DDGS containing highly peroxidized oil may create an oxidative stress for sows in late gestation and inhibit placental 1 Initial breeding parity (n = 311 for parity 0; n = 90 for parity 1) was used as a covariate in the statistical model.
2 Control: fortified corn-soybean meal diets.
3 Diets containing 40% DDGS in gestation and 20% DDGS in lactation.
development (Li, 2012) . The period from d 100 to 112 of gestation is critical because fetuses grow rapidly and placental surface area increases exponentially (Knight et al., 1977; Biensen et al., 1998) . Potentially, inefficiency of nutrient and oxygen transfer through placentas during late gestation may have caused death or low viability of fetuses before or during parturition. The level of peroxidization in DDGS was not monitored routinely in this study. But the DDGS source used in this study was the same as that used by Li et al. (2013a) to represent moderately peroxidized DDGS, which elicited a tendency for increased number of pigs born dead per litter. Within 24 h of birth, piglets were cross-fostered to achieve a similar litter size among sows within dietary treatment and housing system. Because litter size after cross-fostering was lower for sows fed DDGS and preweaning mortality was not affected by dietary treatment, litter size at weaning was reduced by about 0.4 piglets compared with sows fed CON diets. Wilson et al. (2003) and Song et al. (2010) also reported that feeding diets containing DDGS to sows during lactation did not influence preweaning mortality of piglets. Dietary DDGS reduced litter weight gain compared to CON, which was likely due to the lower litter size weaned for sows fed DDGS. After using the number of pigs weaned to adjust the mean of litter weight gain, litters nursing sows fed DDGS gained similar weight during lactation compared with litters nursing sows fed CON diets (48.7 vs. 49.3 kg). Litter weight gain for sows fed DDGS in the first reproductive cycle was 3.1 kg less than for contemporary sows fed CON diets. However, by the third reproductive cycle, this difference in litter weight gain was only 1.5 kg. Because piglets had no access to creep feed, litter weight gain is a reasonable estimate of sow milk production (Dourmad et al., 2008) . This narrowing difference in litter weight gain as sow parity increased lends support to the suggestion that younger sows had more difficulty extracting energy and nutrients from DDGS-containing diets than older sows. This idea is supported further by the observation that ADFI of sows during lactation was not different between sows fed DDGS and CON diets during any reproductive cycle. Other researchers (Wilson et al., 2003; Greiner et al., 2008 Greiner et al., , 2013 ) also reported no differences in voluntary feed intake among lactating sows fed corn-soybean meal based diets and similar diets containing up to 30% DDGS. In contrast, Song et al. (2010) reported a positive relationship between DDGS-containing diets and voluntary feed intake of lactating sows.
One of the major findings in the current study was that sows housed in group pens farrowed 0.5 fewer piglets alive per litter than sows housed in stalls, but the total number of piglets born and the number of pigs born dead per litter were unaffected by housing treatment. Inconsistent results regarding the relationship between litter size at birth and gestation housing systems has been reported previously. In agreement with our findings, some researchers (den Hartog et al., 1993; Barbari, 2000) reported sows housed in group pens farrowed fewer live-born piglets per litter than those housed in stalls, but others (Estienne and Harper, 2010) have reported the opposite. However, several studies indicated that the number of piglets born alive per litter was not different between stall-and group-housed sows (Peltoniemi et al., 1999; Bates et al., 2003; Johnston et al., 2013) . The inconsistent nature of this response indicates there are numerous aspects of housing systems that can and do influence prolificacy of sows.
Litter weight gain and piglet ADG were affected interactively by diet and housing system. Litters from sows fed DDGS and housed in group pens gained less weight during lactation than litters from sows fed DDGS housed in stalls. This difference between gestation housing systems was not apparent for litters nursing sows fed CON diets. This seems to be the first study to investigate the interactive effects of DDGS and housing system on litter performance. The reduction of litter weight gain observed in pen housing compared to stall housing is likely due to the lower litter size weaned for pen-housed sows. After using the number of pigs weaned to adjust litter weight gain, litters nursing sows housed in stalls during pregnancy gained the same weight during lactation compared with litters nursing sows housed in pens during pregnancy (49.0 vs. 49.0 kg). The mechanisms responsible for reductions of piglet growth rate in litters from sows fed DDGS in pens could involve behavioral components. Li et al. (2013b) found that gestating sows fed a DDGS-containing diet were more aggressive than sows fed the CON diet when housed in pens during gestation. An explanation for increased aggressive behavior of sows fed DDGS in group pens is not apparent. Sows housed in group pens and fed a DDGS diet during gestation may exhibit greater difficulty adapting to farrowing stalls. Boyle et al. (2000 Boyle et al. ( , 2002 suggested that sows kept in group pens during gestation were more restless during parturition and early lactation compared with sows kept in stalls during gestation. This restless behavior could result in incomplete nursing bouts and reduced milk consumption because of restriction of piglets' access to the sow's udder (Whatson and Bertram, 1980) . The reduction of milk consumption could lead to the reduced growth rate of piglets from sows housed in groups and fed DDGS in this study.
Generally, sow longevity is defined as length of productive life and can be represented by a large number of different measures (Stalder et al., 2004) . Among the possible measures, culling rate is the most direct variable to assess sow longevity (Lucia et al., 2000) . In the current study, we used the survival rate (100% minus culling rate
[%]) of sows in the herd to evaluate interactive effects of dietary DDGS and gestation housing system on sow longevity. Sows were only culled when they failed to become pregnant after the second postweaning service, had a wean-to-estrus interval longer than 21 d, or exhibited lameness scores of 3 or 4. The number of culled sows fed DDGS-containing diets throughout the study was not different compared with the number of culled sows fed CON diets (78 vs. 73). Different from the dietary effect, housing sows in group pens during gestation decreased sow longevity. Others (Svendsen et al., 1975; den Hartog et al., 1993; Johnston et al., 2013) have reported a similar negative effect of group gestation housing on sow longevity. Anil et al. (2005) also indicated that the proportion of sows culled was greater in group pens compared with individual stalls, and lameness was the main culling reason for both housing systems. Injuries because of competition at feeding as well as aggression at mixing among group-housed sows may shorten their longevity compared with stall-housed sows (Anil et al., 2005) .
This seems to be the first study to report effects of feeding corn-soybean meal diets containing DDGS on sow longevity and long-term productivity. Diet and housing treatments did not interact to influence litter size when reproductive cycle was included in the statistical model (Table 4) . However, when sow productivity was considered in aggregate over the entire experiment, the number of pigs produced was influenced by diet and housing system in an interactive manner. Feeding DDGS decreased the total number of piglets born (27.4 vs. 28.9), born alive (26.2 vs. 27.4), and weaned (23.7 vs. 24.5) over 3 reproductive cycles compared to feeding CON diets. This reduction in lifetime production of piglets occurred primarily because sows fed DDGScontaining diets farrowed 0.4, 0.6, and 0.6 fewer live piglets at the first, second, and third cycles, respectively. Our results indicate that sows fed DDGS diets exhibit decreased sow productivity over the 3 parities studied. Housing system affected the number of piglets produced in the current study, with fewer piglets born, born alive, and weaned from the group housing system compared with individual stalls. The effects of reduced pig production in group gestation housing compared with stall housing were more noticeable when sows consumed CON diets. However, sows fed DDGS produced a similar number of pigs between stall and group pen housing. Interestingly, the negative effect of housing treatment on pigs weaned was over 2 times greater in magnitude than the negative effect of dietary DDGS.
In conclusion, long-term feeding of DDGS decreased litter size and sow productivity but did not affect sow longevity. Long-term housing of gestating sows in group pens decreased litter size, sow longevity, and sow productivity. The detrimental effects of housing pregnant sows in pens were most notable when sows received corn-soybean meal-based diets compared with diets containing DDGS.
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